
UNCLASSIFIED

AD NUMBER

AD906628

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Test and Evaluation; 07 JUN
1972. Other requests shall be referred to
Army Advanced Ballistic Missile Defense,
Alexandria, VA.

AUTHORITY

ABMDA D/A ltr, 4 Feb 1974

THIS PAGE IS UNCLASSIFIED



15~

WGRC 72-2914
COAL$ Lof 75 Copies

CR-5-244

A. OETICAL SIGNATURES PROGRAM FINAL REPORT

ROCKET PLUME OPTICAL SIGNATURES
October 1972

Prepared by:

McDonnell Douglas Astronautics Company-West
5301 Bolsa Avenue

Huntington Beach, California 92647

for

JAN2 1971 i
GENERAL( Y[ILa;u
RESEARCH CORPORATION Q.
W AS HI NG TO0N O P ER A TION S

1501 WILSON BLVD, SUITE 700, ARLINGTON, VA 22209



This report was prepared by McDonnell Douglas Astronautics
Company-West under Subcontract No. 040-71-10 with the General
Research Corporation, Washington Operations, for the U.S. Army
Advanced Ballistic Missile Defense Agency under Prime Contract
No. DAHC60-70-C-0078 MOD 5. Principal Investigator: M. Thomas
(714) 896-4212. Optical Signatures Program Manager: T. H. Zakrzewski,
(703) 524-7206, Extension 272.

iI

Distribution limited to U.S. Government agencies only; Test and
Evaluation; 7 Tune 1972. Other requests for this document must
be referred to the U.S. Army Advanced Ballistic Missile Defense
Agency, ATTN: RDMH-0.

= -• l • .~~~~I-•• - _- • • .. ... . .. ---=. •=• :_.- ••- - • ..



CR-5-244

OPTICAL SIGNATURES PROGRAM FINAL REPORT

ROCKET PLUME OPTICAL SIGNATURES

October 1972

Prepared by:

McDonnell Douglas Astronautics Company-West
5301 Bolsa Avenue

Huntington Beach, California 92647

for

GENERAL RESEARCH CORPORATION
Washington Operations V~23 17
1501 Wilson Boulevard

ArlingLun, Virginia 22209

Distribution limited to U.S. 0ov't. agencies only;
Test and Evaluation; 7 T3NE 7.oZ Other requests
for this document mt. st be refbmred to ....

f\RM• Ar'JC.I)/~ -- LLSTIC
V\IsSILE- •EFEM$F_ A •A-'C/

q4rO ,4T-hu ILLCE Al-A. c3'sO°7

L L .... 3679 7



PREFACE

This document is the final report on the "Rocket Plume Optical Signature

Program." This work was performed for General Research Corporation,

1501 Wilson Boulevard, Suite 700, Arlington, Virgnia 22209, under Contract

040-71-10. This contract covered the period from 20 August 1971 to

30 September 1972.

The effort described herein was accomplished by the following study

personnel: S. S. Cherry, M. Thomas, and R. L. Younkin. This report was

approved by H. Hurwicz, Chief Advance Technology Engineer, Aero/

Thermodynamics and Nuclear Effects Research and Development, Advance

Systems and Technology, McDonnell Douglas Astronautics Company-West.
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ABSTRACT

As part of the Optical Signatures Program, McDonnell Douglas

Astronautics Company-West has developed the initial working model of a

code to describe the gross features of rocket-plume radiation for

altitudes above 75 n mi. The main effort is the construction of a

scheme for integration of an arbitrary function through an arbitrary

axisymmetric rocket plume, with any specified look angle, plume direction,

and vehicle velocity direction. Radiances are presented as integrated

values in a specified spectral band. The equations used and a printout

of the code and of a sample application are included.
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Section 1

INTRODUCTION AND SUMMARY

A code has been developed to describe the gross features of rocket-plume

radiation for altitudes above 75 .,,i (P2170-FLAME). The effort was

intended to provide an initial working model, consistent -,ith available

technology. Theoretical studies were not intended to be conducted in any

of the disciplines required. The intent was, however, to provid., a suitable

framework for the description of a plume with sufficient flexibility to incor-

porate the results of future research.

This objective was met by considering the two most important far-field

radiative mechanisms, particle emission and atmospheric excitation, in their

present state of understanding. With these major elements of plume radiation

included even in crude form, future program modification to include revised

theories should not require complete program revision. The main effort

which has been pursued in FLAME-code development is the construction of

a scheme for integration of an arLbitrary function through an arbitrary axi-

symmetric rocket plume, with any specified look angle, plume direction,

and vehicle velocity direction. The assumption of flow symmetry about the

plume axis may prove poor for late-time plumes, but to include a complete

three-dimenqional capability would have burdened the code's development to

preclude an operational version at the end of this contract. The switch to 3-D

is not difficult at a later time and will involve obtaining flow correlations as a

function of the azimuthal angle, as well as r and 0, and integrating over four

quadrants instead of two.

Radiances are presentec, in the current code as integrated values in a speci-

fied spectral band. Spectral intensities are readily available for the particles,

but only a band theory is available for the atmospheric excited species, due

primarily to the species cooling characteristics. Again, a switch to spectral

curves is possible with ease at a later time when a more general cooling

theory evolves.
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A schematic of the FLAME code is presented in Figure 1-1. Radiative

cooling of both the hot particles in multiphase plumes and the excited molec-

ular radiators is included. The four boxes feeding into the FLAME code

represent the -) ain areas programmed during this contract. The use of a

simplified flow model reduces both computer storage requirements and run

time, and allowq a more extensive checkout of the radiative mechanisms.

More sophisticated flow models exist and could be substituted at a later

tim e.

Input to the code includes simple engine parameters (Section 3, Table 3-1).

"Output is a plot of lines of constant radiance in the plume as viewed in the

specified direction. A typical output from the code is shown in Figure 1-2

for a broadside look at a solid propellant plume in the absence of atmospheric

excitation. The radiance is plotted in a plane perpendicular to the direction

of view. The plume of Figure l-Z is shown again in Figure 1-3 where the

observer is at a 45-degree angle to the plume axis. Radiance from the same

engine at low altitudes, including the effect of atmospheric excitation of the

plume, is shown in Figure 1-4. The viewer angle, plume direction, and free

stream velocity direction are all completely arbitrary. (Section 3,

Figures 3-1 and 3-2.)

Only one-half the plume is treated by a single FLAME run. The remaining

half can be obtained by redefining the azimuthal angles as shown in Section 3,

Figure 3-2. It is not always necessary to generate both plume halves

because the plume radiance is axisymrnmetric under certain conditions.

The radiative models used tend to underpredict the

radiaticn. For atmospheric excitation, only single collisions are considered

and the Boltzmann distribution of excited rotational states is assumed. Per-

sistance of the plume radiance due to pumping by thermal (rather than pure

kinetic) collisions with the atmosphere is not treated. For particle radiation,

scattering of Earthshine is not treated.

Section 2 summarizes the theory used. Sections 3 and 4 detail the workings

of the FLAME code, describing the equations used.
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Section 2

THEORY

The major elements of the theory used as the basis for the FLAME code is

outlined in this section. The approximate model of the far-field multiphase

plume is described. For two-phase plumes, closed-form expressions for

particle concentration as a function of plume coordinates and particle size

are presented. The raci.ative mechanism for the particle cloud is simply

emission, with an effective minimun temperature defined by solar illumin-

ation or .cattering of Earthshine; it need not be elaborated on here. Gas

radiation is considered to be caused by excitation of water rotational spec-

trum by collision with the atmosphere; this theory is outlined in subsection

2. 3. The model can be generalized to include other radiating rotors.

The approaches used were based on existing theoretical work. No attempt

has been made to derive new theoretical expressions or include radiative

mechanisms not yet understood in the current FLAME. The program is

flexible enough, however, to allow the inclusion of other mechanisms at

some future time.

2. 1 PLUME GAS FLOW

Closed-form approximation to the plume gas is relied upon for flow applicable

to the far-field plume. Atmospheric mixing and the resulting plume slow

down have not been addressed. Atmospheric excitation of the unaltered

plume is considered.

Closed-form solutions have been developed for the density profiles as a

function of engine operating conditions. It appears that all properties of the

far-field gaseous plume can be thus treated. The computer program will

respond to input of engine thrust (or chamber pressure), chamber tempera-

ture, expansion ratio (E), V' (or exit mach number, M e and nozzle lip angle

by generating a complete history of the rocket plume.
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To predict transition to free-molecular-flow, a relationship was derived to

ex-oress the Knudsen number (Kn) variation in a bipropellant rocket engine

plume as a function of the polar coordinates (r, 6) and basic engine param-

eters F (thrust), CF (thrust coefficient), T (combustion temperature),

Me (exit Mach number) and (ratio of specific heats). The gas viscosity,

I., was assumed to vary as T 12. The engine chamber pressure, Pc , could

be introduced through the basic thrust equation:

F = Pc AtCF

where-' At = Throat Area

These derivations used Roberts' approximation (Reference 1) for the plume

gas density which indicated that the density was inversely proportional to r

and proportional to cos 0 raised to the power Y(Y - 1) M 2 -2.
e

The derived relationship is shown in Figure 2-1 as a function of Me, Y , and

E (engine expansion area ratio). This information may be employed to deter-

mine the shape of the surface (r, e ) required to achieve a given K n. It is

noted that r increases with increasing Y for specified values of Tc, K n, F,

and 6. Indeed, this relationship indicates that r- 0 as 0- 90 degrees, i.e.,

that transition occurs at the nozzle lip where, theoretically, there is an

infinite pressure gradient as the flow undergoes a Prandtl-Meyer expansion.

Figure 2-2 presents the variation of plume density on a spherical cap (r =

constant) as a function of 0 and Me with Y = 1. 4. As shown, the density has

been normalized by its value on the engine centerline, i. e. , 0 = 0. When

M = 2.312, the density distribution is linear with cos 0 and becomes increas-e lZ
ingly dependent on cos Eas Me increases, e.g., for Me= 5.0, P (cosO)

2. 2 PARTICLES

A combined nozzle and plume flowfield calculation was performed for an

aluminized solid propellant motor to obtain correlations of particle charac-

teristics in the near field. Closed-form solutions, analogous to those obtained

for gas-phase-only plumes were not possible due to the nonequilibrium nature

of the expansion involving momentum (velocity) and energy (temperature)

differences between the phases.

8
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Correlations were obtained which related particle velocity, temperature,

density, and limiting streamline direction to the seven particle-size groups

considered. An expression was derived which related the particle Knudsen

number to plume coordinates and motor operating conditions. The primary

use of this expression was to determine the extent of the particle continuum

region.

Initial estimates of particle emissivity were made, based primarily on exist-

ing calculations for alumina. The details of these analyses are presented in

later subsections.

2. Z. 1 Two-Phase Flowfield Particle Correlations

The computer programs described in References Z and 3 were employed to

calculate the nozzle and plume flowfields for an aluminized solid-propellant

motor with the following characteristics:

Thrust = 15,000 lbf

Chamber pressure = 550 psia

Expansion area ratio = 30. 8

Aluminum weight content = 16 percent

A total of seven aluminum-oxide particle groups were utilized with particle

radii, pi, ranging from 0, 6 to 4. 7 pLm. The corresponding number count

versus pi was obtained from Reference 4.

The computed output contained particle velocity, temperature, flow directions,

and nondimensional number density for each group at flowfield mesh points

within the plume. This information was processed to extract certain particle

asymptotic characteristics, namely; velocity, temperature, and flow direc-

tion along the particle-limiting streamlines. (The limiting streamline is

defined as the boundary outside of which a given particle size will not be

4 present. ) It was found that these streamlines became straight lines after

the particles had traversed a relatively short distance due to the rapid decay

of interphase momentum and energy excliange.

I!"
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The values of particle temperature, Ti, flow angle, 0., and velocity, V( Pi,o),

on the limiting streamlines are shown in Figure 2-3 as a function of pi.

It is noted that particles larger than 4Ft are still undergoing the liquid-solid

phase transition at the aluminum-oxide melting temperature of 4,170 R and

that these particles are contained within a Z3. 5-degree halt-angle cone. Only

forced convection heat transfer between the particles and the gas is considered

in the computer programs and, therefore, a further cooling by radiation must

be considered separately.

The plume computer output was employed to obtain the particle velocities for

the seven discrete-size groups considered. The correlation was obtained in

the form:

V(P ) = [a. +b exp (-c R/rt)! Icos O)ni, 0<50_0 (2-1)V PO)= ai b1 (-i- P.

where: R,0- Polar coordinates in plume

rt = Nozzle throat radius

O = Particle limiting streamline inclination (Reference 1)
Pi

Table 4-1 in Section 4 shows the correlation coefficients. The a. coefficients1

decrease with increasing particle diameter which indicates that the larger

particles achieve a lower limiting velocity as R/rt >> 1. In addition, the n.1
coefficients were all negative which indicates that the particle velocities

increase off-axis on a given spherical cap. This effect is due to the higher

particle concentration on-axis which has caused more interphase momentum

transfer from the gas to the particles, i. e. , on a per particle basis the gas

is less about to "drag" the particle. The lower off-axis particle density

allows the gas to "drag" the particles to higher velocities.

"The particle density correlation was redone specifically for the off-axis

4 dependency:

dpi rtn. b.
a (-) (cose) 1, 0:5 0 i (2-2)

dPo R Pi

The correlation coefficients are given in subsection 4. 5. 1. 4.
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